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Exposure to pH 1 or 2 buffers or acidic gastric contents resulted in the killing of vancomycin-resistant
Enterococcus sp., Klebsiella pneumoniae, Staphylococcus aureus, and Candida glabrata but not Clostridium difficile
spores. Nitrite enhanced killing under acidic conditions, but significant killing of C. difficile spores required
nitrite concentrations above usual physiological levels.

Gastric acid may provide an important host defense by kill-
ing ingested pathogens (5). For example, normal gastric acidity
kills more than 99.9% of several gram-negative bacilli within 30
min (9), and vegetative cells of Clostridium difficile are killed
within 5 to 30 min upon exposure to pH 2 to 3 buffers (17).
Many studies have demonstrated an association between med-
ications that inhibit production of stomach acid (e.g., proton
pump inhibitors and H2 blockers) and nosocomial pathogens,
including C. difficile, Candida albicans, methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-resistant Entero-
coccus spp. (VRE), and extended-spectrum-�-lactamase-pro-
ducing enterobacteriaceae (1–3, 12, 16). These findings suggest
that gastric acid may provide an important defense against
these organisms; however, relatively little information is avail-
able regarding the ability of acidic conditions to kill nosoco-
mial pathogens. In addition, it has recently been demonstrated
that salivary nitrites that are converted to reactive nitrogen
compounds under acidic conditions may enhance the killing of
pathogens in the stomach (6–8). Acidified nitrite is a sporicidal
disinfectant that efficiently kills C. difficile spores (18), but it is
not known whether the concentrations in the stomach provide
sporicidal activity. Therefore, we examined the ability of acidic
buffers, with or without the addition of physiological concen-
trations of nitrite, to kill C. difficile spores and several strains of
Klebsiella pneumoniae, VRE, MRSA, and Candida glabrata.
We also examined the killing of the pathogens by acidic gastric
contents obtained from patients not receiving acid-suppressive
medications.

For K. pneumoniae, VRE, and MRSA, five isolates from
distinct pulsed-field gel electrophoresis groups were studied.
The K. pneumoniae isolates were bloodstream isolates that
produce extended-spectrum �-lactamases (11). The VRE iso-
lates were clinical E. faecium isolates from Cleveland, and the
MRSA isolates were cultured from the stool of patients (4, 10).
For C. glabrata, three isolates were studied and have been
described previously (15). For C. difficile, three isolates were
studied, including one clinical isolate from Cleveland and
ATTC strains 9689 and 43593.

Initial experiments were performed to examine the effect of
exposure to acid; C. difficile spores were not included in this
analysis because preliminary experiments indicated that pH 1
buffer did not kill the spores. The pathogens were grown over-
night in brain heart infusion broth and washed three times in
phosphate-buffered saline (PBS). A final concentration of 109

CFU/ml of the pathogens was suspended in 0.2 M HCl-KCl
buffer at pH 1 or 2, 0.1 M sodium phosphate buffer at pH 4, or
PBS adjusted to pH 7 and incubated at 37°C in room air.
Aliquots were removed at serial time points over 4 h, diluted
serially in PBS, plated onto tryptic soy agar (Becton, Dickinson
and Company, Sparks, MD), and incubated at 37°C in room air
for 2 days to determine the concentration of surviving organ-
isms. The lower limit of detection was 1 log10 CFU/ml. The pH
values were monitored during incubation to confirm that sig-
nificant deviations in acidity did not occur. The pH values rose
to approximately 7.5 when aliquots were diluted in PBS for
quantitative counts after incubation. The osmolalities of the
buffer solutions were measured in the hospital’s clinical chem-
istry laboratory; survival of the pathogens for 2 h in saline
adjusted to the buffer concentrations was assessed in order to
examine whether osmolality affected survival.

To examine the effect of nitrite, the pathogens, including C.
difficile spores, were suspended into the pH 2, 4, and 7 buffers
with or without supplemental potassium nitrite (Sigma-Al-
drich, St. Louis, MO) at final concentrations of 0.05, 1, and 10
�mol/ml. The concentration of nitrite in human saliva typically
ranges from 0.05 to 1 �mol/ml, while concentrations as high as
10 �mol/ml have been reported (6–8). Samples were incubated
for 1 h prior to the removal of aliquots for quantitative cul-
tures. The pH values were monitored as described above. C.
difficile spores were prepared as described by Merrigan et al.
(13). Prior to each experiment with spores, the spore prepara-
tions were heat shocked at 56°C for 10 min to kill any surviving
vegetative cells (13).

To examine the killing of the pathogens by acidic gastric
contents, stomach contents were collected from six patients
who were not receiving acid-suppressive medications, with na-
sogastric tubes placed for clinical indications. Patients with
bilious nasogastric drainage were excluded. The pathogens
were suspended in aliquots of fresh gastric contents for 1 h
prior to removal for quantitative cultures as described above.
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The protocol for collection of gastric aspirates was approved by
the Cleveland Veterans Affairs Medical Center’s Institutional
Review Board. Data were analyzed using Stata software (ver-
sion 6.0; College Station, TX). Analysis of variance was per-
formed to compare groups, with P values adjusted for multiple
comparisons by the Scheffe correction method.

Figure 1 shows the effect of pH on the survival of the patho-
gens. For K. pneumoniae and VRE strains, (Fig. 1A and B),
survival was not reduced at pH 4 (P � 0.753 in comparison to
pH 7), but significant killing was observed at pH 1 and 2 (P �
0.0001). At pH 1, K. pneumoniae and VRE were undetectable
within 30 min. For MRSA and C. glabrata strains (Fig. 1C and
D), significant killing was observed at pH 1 and pH 2 (P �
0.01); however, the degree of killing was modest in comparison
to those for K. pneumoniae and VRE. The osmolalities of the
pH 7, pH 4, pH 2, and pH 1 buffers were 283, 255, 354, and 370
mosM/kg, respectively; no significant killing of the pathogens
occurred in saline adjusted to these concentrations (data not
shown).

Figure 2A to D shows the effect of nitrite in combination
with acid on the killing of the bacterial pathogens and C.
glabrata after 1 h of incubation. At pH 7, the addition of nitrite
had no effect on the survival of the pathogens (P � 0.91 for all
comparisons). The 10-�mol/ml nitrite concentration resulted
in the enhanced killing of all of the pathogens at pH 2 (P �
0.015) and pH 4 (P � 0.0001). The 0.05- and 1-�mol/ml nitrite

concentrations resulted in the enhanced killing of VRE,
MRSA, and C. glabrata at pH 2 (P � 0.09 for each compari-
son), but killing of K. pneumoniae was enhanced only at pH 4
and at 1 �mol/ml of nitrite (P � 0.015).

Figure 2E shows the effect of nitrite in combination with acid
on the killing of C. difficile spores. C. difficile spores were not
inhibited by exposure to pH 2 or 4 buffer (P � 0.93). The
10-�mol/ml nitrite concentration resulted in the enhanced kill-
ing of spores only at pH 2 (P � 0.003). The 1-�mol/ml nitrite
concentration resulted in a trend toward enhanced killing of
spores at pH 2 (P � 0.084).

Figure 3 shows the effect of incubation in acidic gastric con-
tents on the killing of the pathogens. The pH values of the gastric
contents ranged from 0.43 to 3.15. The ages of the patients ranged
from 32 to 76 years. Significant killing of the pathogens was
observed (P � 0.001), with the exception of the C. difficile
spores (P � 0.95).

In healthy humans, the median pH of stomach contents
under fasting conditions is around 2 (6). Following ingestion of
a large meal typical of the Western diet, the pH rises tempo-
rarily to about 6 (6). In this study, we found that in vitro
exposure to pH 1 or 2 buffers or acidic gastric contents (pH
0.43 to 3.15) resulted in significant killing of VRE, K. pneu-
moniae, MRSA, and C. glabrata strains, and the addition of
physiologic concentrations of nitrite to the buffers enhanced
the killing of the pathogens under acidic conditions. In con-

FIG. 1. Survival of nosocomial pathogens after exposure to buffers at various pH values. Pooled data for three strains of Candida glabrata and
five strains of each of the bacterial pathogens are shown. Error bars indicate standard errors.
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trast, C. difficile spores were not killed in acidic buffers or
gastric contents, and significant killing of spores required ni-
trite concentrations above usual physiological levels. These
findings suggest that normal stomach acidity in combination
with reactive nitrogen compounds derived from nitrites could
provide an important defense against some nosocomial patho-
gens. However, our data do not provide an explanation for the

association that has been demonstrated between proton pump
inhibitors and C. difficile. Dial et al. (3) have proposed that
proton pump inhibitor therapy might promote C. difficile by
facilitating the survival of vegetative cells arising from the
germination of spores in the stomach. Further research is
needed to examine this hypothesis and to explore other poten-
tial mechanisms by which proton pump inhibitors might pro-
mote C. difficile.

In humans, dietary nitrates are concentrated in saliva, in-
creasing concentrations up to 10 times that in plasma (6).
Salivary nitrate is rapidly reduced to nitrite by bacterial nitrate
reductase in the mouth (6–8). The concentration of nitrite in
human saliva typically ranges from 0.05 to 1 �mol/ml, depend-
ing on dietary intake of nitrate (7–8). Under acidic conditions
in the stomach, nitrite is converted to various reactive nitrogen
compounds, including nitrous acid, peroxynitrite, nitrogen di-
oxide, and nitric oxide, that have been proposed to be respon-
sible for killing bacteria in the stomach (6–7). Our finding that
nitrite enhanced killing of pathogens only at pH 2 or 4, but not
at pH 7, supports the hypothesis that the killing of pathogens
is due to reactive products produced from nitrite under acidic
conditions rather than nitrite itself (6–7). It should be noted
that our findings could potentially overestimate the importance
of nitrite if significant dilution of nitrite levels occurs in the
stomach.

If applicable to patients, our findings have several important

FIG. 2. Survival of nosocomial pathogens after exposure for 1 h to
buffers at pH 2, 4, and 7 containing different concentrations of potas-
sium nitrite. Pooled data for three strains of Candida glabrata, three
strains of C. difficile, and five strains of the other pathogens are shown.
Error bars indicate standard errors.

FIG. 3. Survival of nosocomial pathogens after exposure to gastric
contents collected from six patients with nasogastric tubes who were
not receiving acid-suppressive medications. Pooled data for three
strains of Candida glabrata, three strains of C. difficile, and five strains
of the other pathogens are shown. Error bars indicate standard errors.
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clinical implications. First, our data demonstrate that the as-
sociations between medications that inhibit production of
stomach acid and many nosocomial pathogens may be micro-
biologically plausible (1, 12, 16). With mice, we have shown
that proton pump inhibitor treatment facilitates the establish-
ment of colonization of the large intestines by VRE and K.
pneumoniae, thereby demonstrating a mechanism by which
these agents could contribute to the dissemination of nosoco-
mial pathogens (unpublished data). Second, medications, such
as proton pump inhibitors, are frequently overused among
hospitalized patients (5, 14), suggesting that significant reduc-
tions in use of acid-suppressive medications could easily be
achieved. Third, because many pathogens are inhibited by gas-
tric acid and acidified nitrite, interventions to limit the overuse
of acid-suppressive medications could potentially have an im-
pact on multiple pathogens. Finally, our findings could suggest
novel strategies for the control of nosocomial pathogens. For
example, supplementing the diets of hospitalized patients with
nitrates could bolster gastric defenses by increasing levels of
acidified nitrite (6–7). Future studies with hospitalized patients
are needed to determine the applicability of our findings to
clinical situations.
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